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A general configurable analog block (CAB) is presented, which 
consists of the programmable OTA, programmable capacitor and 
MOSFET switches. Using the CABs, the universal tunable and 
field programmable analog array (FPAA) can be constructed, 
which can realize many signal-processing functions, including 
filters. A prototype 5x8 CAB array has been fabricated. The chip 
has also been configured to realize a programmable OTA-C 
filter. From the simulated and measured results it has been found 
that filters with frequencies from several kHz to a few MHz can 
be realized based on the proposed CAB and FPAA. 
1. INTRODUCTION 
In recent years Field Programmable Analog Arrays (FPAAs) 
have received great interest, as they can achieve similar benefits 
in analog circuit and system design as Field Prpgrammable Gate 
Arrays (FPGA) have in digital counterpart. There have been 
some programmable analog circuits in the literature [1]-[13]. 
However, general purpose FPAAs suitable for high frequency 
signal processing applications have not yet appeared. The 
structure of the proposed circuit is composed of 40 universal 
Configurable Analog Blocks (CABs) connected together to form 
a matrix. As an example of its application, a RLC-ladder based 
sixth-order band-pass OTA-C filter is presented. 
2. CONFIGURABLE ANALOG BLOCK 
Figure 1. Structure of CAB. The polarity of the OTA's 
input signal can be positive or negative, depending on the 
settings of switches SI  and S2, respectively. 
The versatile Configurable Analog Block (CAB) shown in Fig. 1 
consists of six signal terminals (A-F), one programmable fully 
differential Operational Transconductance Amplifier (OTA), two 
programmable grounded capacitors (which work as one floating 
capacitor), and a set of switches SI-S12. 
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Figure 3. Transconductance of the programmable OTA - 
experimental results. 
1 
This work was supported by the Polish State Scientific Research Committee. under Grant 8T1 lBOl114 
1-5 
O-7803-6685-9/01/$10.000200 1 i E E  
Authorized licensed use limited to: UNIVERSITY OF HERTFORDSHIRE. Downloaded on August 12,2010 at 11:00:38 UTC from IEEE Xplore.  Restrictions apply. 
Table 1. Simulation results of the OTA 
Parameter 
Maximal transconductance 
Minimal transconductance 
Ratio max./min. transconductance in the 
FPAA 
Resolution 
Control range of the transconductance 
through voltage Vcr,., 
Input voltage 
DC gain in an integrator 
Frequency fjdB at short-circuited output 
Frequency at which the phase deviation 
from -90' is 1' when the output is short- 
circuited 
Programmable capacitor (Fig.4) consists 
Value 
55ps 
0.08pS 
3 1 times 
5 bits 
>20 times 
B . 5 V  
AOdB 
>300MHz 
=3MHz 
I 
of five grounded 
capacitors CO to C4 and five switches ScO to Sc4. The capacitors 
are realized as poly l-to-poly2 capacitance, while the switches are 
built of MOSFET transistors of the width large enough to 
achieve a current phase of the capacitor in the range of -90' 5 1 ' 
for frequencies up to IOMHz. The parameters of the 
programmable capacitor are summarized in Table 2. 
The switches SI-S12, also realized using MOSFET transistors, are 
placed in such a way that the OTA can be connected with or 
without the capacitor. It is also possible to pass the signals of 
other CABS through the switches situated at the top and the 
bottom of the CAB. Switches SI and S, enable to connect the 
input to the OTA directly or in an inverse way. 
Table 2. Parameters of programmable capacitor array in Fig. 4 
1 Parameter I Value I 
I 5 I 1 No of bits 
Maximum capacitance CEqJno.v 15.5pF 
Current phase of the capacitor for 
frequencies up to IOMHz 
-90°f10 I 
1 Occupied area of two capacitors I 360ym x 258ym I 
To program the CAB, a control word of length of 22 bits must be 
specified (transconductance g,,, of programmable OTA - 5 bits, 
capacitance CEQ of programmable capacitor - 5 bits, switches - 
12 bits), as well as the voltage Vcn.,. The control word is stored in 
a shift register, while voltage Vc,,., is supplied from external 
tuning circuit. The chip area of the CAB is 626pm x 750pm. 
Note that for simplicity, in Fig. I ,  the connections, switches and 
OTA are not shown in the fully-differential form and only one 
grounded capacitor is plotted. 
FPAA circuits can be constructed using CABs to perform various 
functions including filtering, example of which will be shown in 
Section 3.2. 
3. FORTY CABS BASED FPAA AND ITS 
APPLICATION IN FILTER DESIGN 
3.1 FPAA Using Forty CABs 
The Field Programmable Analog Array used for implementation 
of filters is presented in Fig. 5 (block diagram) and Fig. 6 (die 
photograph). It consists of 40 CABS positioned in 8 columns and 
5 rows. Additionally three OTAs (Operational Transconductance 
Amplifier) (01-03 in Fig. 5) act as signal buffers. 
;-/ 
j 2 i  , 
Cl =2c 
............................ ~.., 
4 .......................................................... c, =4c 
I ................................................ 
I -  - :  - I: - 
8 
I ............................................... > 
C' =8C 
................................................... 
I 1  ! 
................................................... 
C' =16C 
Figure 4. Programmable capacitor array. 
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I 
Figure 5. Structure of FPAA. Bold lines represent active connection. 
Example of implementation of 6-th order band-pass filter. 
Input signals are delivered trough lines il, i2 and i3. Because of As an example, a 6-th order band-pass filter with center 
it, up to three different filters can be realized simultaneously. The frequency f ~ 6 0 k H z  and the pass-band BW=fo is presented. The 
transconductance parameters of all the OTAs are controlled by filer is based on a low-pass 3rd-order prototype of I-dB 
external voltage Vctl ,  used by the automatic tuning circuitry to Chebyshev approximation. Important details on continuous-time 
adjust the exact value of g,,/C ratio and through digital switching filter design can be found in the literature [ 141-[26]. The 
of the output stage. While voltage Vcrrl is common for all the schematic diagram of the filter is shown in Fig.7. 
amplifiers in the array, each OTA can have its own dividing 
implemented in 2pm n-well CMOS process at MOSIS. 
Programming of the FPAA is performed through serially shifting 
digital word of 880 bits. 
factor of the output stage. The FPAA was physically The was practically imp1emented using the proposed 
FPAA. Measurements were made using MARCONI TF2370 
analyzer. Comparing with ideal characteristic, the filter exhibits 
no more than IdB error in the range 2kHz-2OOkHz. The 
measurement results are presented in Fig. 8. 
Figure 6. Layout of matrix of 5x8 CABS in Fig. 5. 
3.2 Example Of Filter Design And Measurement 
Results 
Figure 7. OTA-C realization of a LC filter 
Figure 8. Measurement results of 6th order, IdB-ripple 
Chebyshev, band-pass filter. Center frequency is 6OkI-i~ 
pass-band 6OkHz. Screen photos with horizontal scale 
20kHddiv and (a) vertical scale lOdb/div, (b) vertical 
scale Idb/div. 
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4. CONCLUSIONS 
A universal Configurable Analog Block consisting of the OTA, 
programmable capacitor and switches has been developed. The 
CAB can be configured to perform the following functions: 
addition, subtraction, amplification, attenuation, integration and 
filtering of signals of frequencies from several lcHz up to a few 
MHz. The results of simulations and measurements confirm the 
possibility of realization of such functions. A test integrated 
circuit containing the array of 5x8 CABS has been fabricated in 
2ym CMOS technology and measured. The experimental results 
of the high-order band-pass OTA-C filter realized are close to the 
expected ones. Certain discrepancies are mainly caused by 
parasitic resistance and capacitance of switches. Due to the 
economical reasons, a cheap but somewhat out-of-date 
technology has been used for fabrication of the test chip. 
Realization of the proposed FPAA using modern submicron 
technology would ‘result in a significant decrease of parasitic 
capacitances, thus providing a much higher operation frequency 
of the FPAA and its applications. 
REFERENCES 
K. H. Loh, D. L. Hiser, W. J. Adams and R. L. Geiger, “A 
Robust Digitally Programmable And Reconfigurable 
Monolithic Filter Structure”, Proc. IEEE Int. Symposium on 
Circuits and Systems, pp. 110-1 13, 1989. 
E. K. F. Lee and P. G. Gulak, “A CMOS Field 
Programmable Analog Array”, IEEE Journal of Solid-state 
Circuits, Vol. 26, No. 12, pp. 1860-1867, Dec. 1991. 
E. Pierzchala and M. A. Perkowski, “High-Speed Field 
Programmable Analog Array Architecture Design“, 
FPGA’94, Berkeley, Calif., Feb. 1994. 
E. Pierzchala, M. Perkowski, P. Van Halen, R. Schaumann, 
“Current-mode amplifiedintegrator for a field 
programmable analog array”, IEEE Int. Solid State Circuits 
Conference Technical Digest, pp. 196-197, February 1995. 
H. Kutuk, S .  M. Kang, “A Field-Programmable analof array 
(FPAA) using switched-capacitor technique”, Proc. IEEE 
Int. Symposium on Circuits and Systems, Vol. 4, pp. 41-43. 
May 1996. 
A. Bratt and I. Macbeth, “Design And Implementation Of A 
Field Programmable Analogue Array“, FPGA’96, pp. 88-93. 
1996. 
S.H.K. Embabi, X. Quan, N. Oki, A. Manjrekar, E. 
Sanchez-Sinencio, “A Field Programmable Analog Signal 
Processing Array”, Proc. IEEE Midwest Sympsium on 
Circuits and Systems, Vol. 1 ,  pp. 151-154, August 1996. 
D. Anderson, C. Marcjan, D. Bersch. H. Anderson, P. Hu, 
0. Palusinski. D. Gettman, I. Macbeth, A. Bratt, “A Field 
Programmable Analog Array and its Application”, IEEE 
Custom Integrated Circuits Conference, pp. 555-558, 1997. 
MOTOROLA, “MPAAOZO field programmable analog array 
datasheet, April 1997. 
[ I  11 V. C. ‘Gaudet, P. G. Gulak, “CMOS Implementation of a 
Current Conveyor-Based Field-Programmable Analog 
Array”, 1998. 
[12] B. Pankiewicz, M. Wojcikowski, J. Jakusz, J. Glinianowicz, 
S. Szczepanski, “A CMOS Configurable Analogue Block 
for Continuous-Time Progranunable OTA-C Filters”, Proc. 
European Conference on Circuit Theory and Design, pp. 
[I31 C.A. Looby, C. Lyden, “Op-Amp based CMOS field- 
programmable analogue array”, IEE Proc.-Circuil s Devices 
[ 141 R. L. Geiger and E. Sanchez-Sinencio, “Active filter Design 
Using Operational Transconductance Amplifiers: A 
Tutorial”, IEEE Circ. Dev. Mag., pp.20-32, Mar. 1985. 
[I51 B. Nauta, ”Analog CMOS Filters for Very High 
Frequencies”, Kluwer Academic Publishers. 1993. 
[I61 S. Szczepanski, J. Jakusz and R. Schaumann, “A Linear 
Fully Balanced CMOS OTA for VHF Filtering 
Applications”, IEEE Trans. Circuits Syst. 11, vo1.44. no.3, 
[I71 G. Groenewold, “The Design of High Dynamic Range 
Continuous-Time Integratable Band-Pass Filters“. IEEE 
Trans. Circuits Syst., Vo1.38, No.8, pp.838-852, Aug. 199 I .  
[ 181 J. Mahattanakul and C. Toumazou, “Current-Mode Versus 
Voltage-Mode Gm-C Biquad Filters: What the Theory 
Says”. IEEE Trans. Circuits Syst. 11, Vo1.45. No.2, pp. 173- 
186, Feb. 1998. 
[I91 G. Efthivoulidis, L. Toth and Y. Tsividis, “Noise in Gm-C 
Filters”, IEEE Trans. Circuits Syst., Vo1.45, No.3, pp. 295- 
302, March 1998. 
[20] J. M. Khuory “Design of a I5MHz CMOS Continuous- 
Time Filter with On-Chip Tuning”, IEEE J. Solid-state 
Circuits. Vol. 26, No. 12, pp. 1988-1997. December 1991. 
[2 13 F. Krummenacher, N Joehl, ‘‘ A 4-MHz CMOS Continuous- 
Time Filter with On-Chip Automatic Tuning”. IEEE J. 
Solid-state Circuits, Vol. 23. No. 3, pp. 750-757. June 
1988. 
[E]  M. Banu. Y. Tsividis, “An Elliptic Continuous-Time CMOS 
Filter with On-Chip Automatic Tuning”, IEEE J. Solid-state 
Circuits. Vol. SC-20, No. 6. pp. I 1  14-1121, December 
1985. 
[23] K. A. Kozma, David A. Johns, “Automatic Tuning of 
Continuous-Time Integrated Filters Using an Adaptive 
Filter Technique”, IEEE Transactions on Circuits and 
Systems. Vol. 38, No. 11. pp. 1241-1248, November 1991. 
[24] T. Deliyannis, Y. Sun and J. K. Fidler. Continuous-Time 
Active Filter Design, CRC Press. Florida, USA, 1999. 
[25] R. Schaumann, M.S. Gausi, K.R. Laker, Design of Analog 
Filters: Passive, Active RC and Switched Capacitor, 
Englewood Clifs. NJ: Prentice-Hall, 1990. 
[26] M. E. Valkenburg: Analog Filter Design. CBS College 
Publishing, New York, 1982. 
[27] G. Di Cataldo, G. Palumbo and S. Stivala, ”New CMOS 
Current Mirrors With Improved Hi,oh-Frequency Response”, 
10 19- 1022, 1999. 
Syst., Vol. 147, NO. 2 pp. 93-99, April 2000. 
pp.174-187, March 1997. 
- _ . .  
[IO] X. Quan, S. H. K. Embabi, E. Sanchez-Sinencio. “A 
Current-Mode Based Field Programmable Analog Array 
Architecture for Signal Processing Applications”, IEEE 
Custom Integrated Circuits Conference, pp. 277-280, 1998. 
Int. J. of Circuit Theory and Applications, vol. 21. pp. 443- 
450. 1993. 
I- 8 
Authorized licensed use limited to: UNIVERSITY OF HERTFORDSHIRE. Downloaded on August 12,2010 at 11:00:38 UTC from IEEE Xplore.  Restrictions apply. 
